Although the aberrant activation of cell cycle proteins has a critical role in neuronal death, effectors or mediators of cyclin D1/ cyclin-dependent kinase 4 (CDK4)-mediated death signal are still unknown. Here, we describe a previously unsuspected role of LIM kinase 2 (LIMK2) in programmed necrotic neuronal death. Downregulation of p27
The cell cycle is essential for a vital process, including proliferation, differentiation and survival of various cells. Cell cycle progression is regulated by two classes of proteins, the cyclins and the cyclin-dependent kinases (CDKs). Among them, cyclin D1 forms a complex with CDK4 and inactivates retinoblastoma protein (Rb) through phosphorylation resulting in activating E2 promoter-binding factor (E2F) family of transcription factors. Active E2F induces various gene transcriptions involving the cell cycle. 1 In post-mitotic neurons, some pathological conditions upregulate cyclin D1/CDK4 complex expression to induce activation of E2F members that contributes to increased transcription of proapoptotic molecules. 2, 3 However, it is unclear whether cyclin D1 expression directly induces neuronal death for a number of following reasons. First, due to a time lag between cyclin D1/CDK4 expression and the onset of DNA fragmentation, most cyclin D1-positive neurons show TUNEL negativity. 4, 5 Second, cyclin D1 level is unaltered in cultured embryonic neurons following apoptosis induction. 6 Third, Rb phosphorylation is rarely observed in vivo, 4 although cyclin D1/CDK4 complex phosphorylates Rb protein in apoptotic cultured neurons. 6 Fourth, cyclin D1 induction following ischemia is associated with regeneration and resistance to apoptosis rather than a mediator of apoptosis. 5, 7, 8 Fifth, effectors or mediators of cyclin D1/CDK4-mediated death signal are still unknown. Finally, neuronal death induced by various insults is morphologically necrotic rather than apoptotic. [9] [10] [11] [12] Therefore, it is likely that some essential factors are missing in the cyclin D/CDK4-mediated neuronal death pathway.
LIM kinases (LIMK1 and LIMK2) phosphorylate cofilin that is a stimulus-responsive mediator of actin dynamics. [13] [14] [15] Interestingly, non-phosphorylated cofilin targets mitochondrial membranes in response to apoptotic stimuli for cytochrome c release in an actin-independent manner. 16 LIMK2 also translocate into the nucleus, where it mediates suppression of cyclin D1 expression and inhibits G1-to-S phase transition. 17 Thus, LIMKs may involve cyclin D1-mediated neuronal death in actin-dependent or -independent manner. In order to address this hypothesis, we investigated the role of LIMKs in neuronal death induced by status epilepticus (SE, prolonged seizure activity).
Results
LIMK2 overexpression induces necrotic degeneration in CA1 neurons. First, we investigated the alterations in LIMK2 expression and its phosphorylation level following SE.
Western blot studies revealed the gradual upregulation of LIMK2, but not LIMK1, protein following SE (Po0.05 versus non-SE animals, Figure 1a ). LIMK2 mRNA was also increased to 3.8-, 6.1-and 7-fold of the non-SE level at 1, 2 and 3 days after SE, respectively (Po0.05, Figure 1b ). pLIMK2 S283 and S291 þ 293 levels were unaltered, although pLIMK2 T505 level was significantly reduced as compared with non-SE animals (Po0.05, Supplementary Figures S1a and b) . Cofilin mRNA/ protein expression and cofilin phosphorylation were also unaltered by SE (Supplementary Figures S1a-c) . LIMK2 knockdown significantly inhibited upregulation of SE-induced LIMK2 mRNA/protein expression (Po0.05 versus control siRNA, Figures 1c and d) . LIMK2 siRNA significantly reduced pLIMK2 T505, S283 and S291 þ 293 levels following SE (Po0.05 versus control siRNA, Supplementary Figures S1a  and b) . However, LIMK2 siRNA did not affect expression of cofilin mRNA/protein and its phosphorylation as compared with control siRNA (Supplementary Figures S1a-c) .
Immunohistochemical data revealed that SE upregulated LIMK2 expression in CA1 pyramidal cells (Figure 1e ). Most LIMK2-positive neurons (92%) showed TUNEL signals (Figure 1g ). These CA1 neurons showed decrease in phalloidin (a F-actin marker) signal, swollen dendrites with disassembled microtubules and pyknotic nuclei (Po0.05 versus non-SE animals, Supplementary Figures S1d and e) . Furthermore, high mobility group box 1 (HMGB1) was released from nuclei and finally disappeared in CA1 neurons following SE, although HMGB1 immunoreactivity was detected only in the nuclei in non-SE animals ( Supplementary Figures S1f and g ). As HMGB1, normally residing in nuclei, translocates to the cytoplasm and/or extracellular space undergoing necrosis but not apoptosis, 18, 19 these findings indicate that SE induces necrotic neuronal degeneration rather than apoptosis.
LIMK2 knockdown attenuated the number of Fluoro-Jade B (FJB) and TUNEL-positive neurons induced by SE (Po0.05 versus control siRNA, Figures 1e-h ). LIMK2 siRNA also prevented the reduction in the phalloidin signal, microtubule disassembly and translocation of HMGB1 to cytoplasm induced by SE (Po0.05 versus control siRNA, Supplementary figures S1d-g). Taken together, the present data suggest that LIMK2 overexpression may have an important role in necrotic neuronal death independent of cofilin phosphorylation and F-actin contents.
Cyclin D1/CDK4 activation upregulates LIMK2 expression following SE. To elucidate the relationship between cyclin D1/CDK4 complex and LIMK2 expression, we investigate cyclin D1/CDK complex expression profiles in the rat hippocampus following SE.
One day after SE, cyclin D1 mRNA expression was increased 2.5-fold of the non-SE level (Po0.05 versus non-SE animals, Supplementary Figure S2a) . Cyclin D1 mRNA expression was 1.43-fold of the non-SE level 2 days after SE (Po0.05 versus 1 day after SE, Supplementary Figure S2a) . Cyclin D1 protein expression was 3.51-and 2.72-fold of the non-SE level 1 and 2 days after SE, respectively (Po0.05 versus non-SE animals, Supplementary Figures S2b and c) . CDK4 mRNA/protein expression was significantly elevated 1.58-1.75-fold of the non-SE level at 1-2 days after SE (Po0.05 versus non-SE animals, Supplementary Figures  S2a-c) . Active caspase-3 was unaltered following SE ( Supplementary Figures S2b and c) . Cyclin D1 and CDK4 immunoreactivities were obviously visible in CA1 pyramidal cells following SE (Supplementary Figure S2d) . One day after SE, 23% of cyclin D1-positive neurons showed LIMK2 expression. Cyclin D1 expression in LIMK2-positive neurons was 0.37-fold of that in LIMK2-negative neurons (Po0.05 versus LIMK2-negative neurons, Supplementary Figures S2e  and f) . Two days after SE, only 7% of cyclin D1-positive neurons showed LIMK2 expression. In addition, 11% of TUNEL-positive neurons showed cyclin D1 immunoreactivity (Supplementary Figure S2f) .
Consistent with the reported function of LIMK2 as a repressor of cyclin D1 transcriptional induction, 17 LIMK2 siRNA elevated the expression of cyclin D1 mRNA/protein induced by SE (Figures 2a-d) . LIMK2 siRNA did not affect expression of CDK4 mRNA/protein induced by SE (Figures  2a-c) . Flavopiridol (a cyclin D1/CDK4 inhibitor) significantly reduced mRNA/protein expression levels of cyclin D1, CDK4 and LIMK2 (Figures 2e-g ) and attenuated SEinduced neuronal death (Figures 2h and i) . These findings indicate that LIMK2 may be one of the essential downstream components of cyclin D1/CDK4-mediated neuronal death and that LIMK2 overexpression may be a negative feedback response to inhibit SE-induced cyclin D1 expression.
p27
Kip1 is a regulator of LIMK2-mediated neuronal death induced by SE. p27
Kip1 is the best known endogenous CDK inhibitor that binds to the cyclin D1/CDK4 complex. 20 Therefore, we examined the relationship between p27 Kip1 and LIMK2 expression in SE-induced neuronal death.
SE decreased p27 Kip1 immunoreactivity in CA1 pyramidal cells vulnerable to SE (Figure 3a) . p27
Kip1 mRNA was decreased to 0.58-0.75-fold of the non-SE level 1-3 days after SE (Figure 3b ). p27
Kip1 protein expression was also reduced to 0.48-fold of the non-SE level 3 days after SE (Figures 3c and d) . LIMK2 siRNA did not prevent downregulation of p27
Kip1 expression induced by SE (Figures 3c  and d ). As doxycycline (DOX) increases p27
Kip1 gene promoter transactivation via upregulation of cofilin expression, 21, 22 we applied DOX to increase p27 Kip1 expression before SE induction. As expected, DOX significantly increased p27
Kip1 mRNA/protein expression, cofilin expression, pLIMK2 T505 and pCofilin levels (Po0.05 versus vehicle, Figures 3e-g ). In contrast, DOX prevented upregulation of cyclin D1, CDK4 and LIMK2 mRNA/protein expression induced by SE (Po0.05 versus vehicle, Figures 3e-g ). Immunofluorescence study revealed that DOX inhibited the reduction in p27
Kip1 expression as well as the induction of cyclin D1 expression in CA1 neurons following SE (Figure 3h ). Furthermore, DOX attenuated SE-induced neuronal death (Po0.05 versus vehicle, Figures 3i and j) . These findings indicate that reduced p27
Kip1 expression may initiate upregulation of LIMK2 expression by cyclin D1 induction following SE.
Rho kinase (ROCK), not NFjB, increases cyclin D1 expression via reduction in p27
Kip1 expression induced by SE. Nuclear factor-kappa B (NFkB)-mediated signal regulates cyclin D1 and p27
Kip1 expression. 23, 24 Furthermore, p65-Ser536 NFkB phosphorylation is closely related to SE-induced neuronal deaths. 25 Therefore, we investigated the roles of NFkB in cyclin D1 and LIMK2 expression induced by SE.
SN50 (a NFkB inhibitor) treatment did not affect p27 . These findings indicate that NFkB signal may not participate in SE-induced neuronal death, although it may decrease LIMK2 and cofilin phosphorylations by an unknown pathway. Together with the data concerning LIMK2 siRNA and DOX treatment, our data suggest that cofilin and LIMK2 phosphorylations may not involve neuronal death.
As ROCK activity regulates cyclin D1, p27 Kip1 and LIMK2 functions, 26 LIMK2-mediated neuronal death is receptor interacting protein kinase 1 (RIP1)-independent programmed necrosis. Apoptosis and necrosis are two major cell death patterns. 27 Apoptosis is a highly regulated process involving the caspase family of cysteine proteases. 28 In contrast, necrosis is a passive and unregulated form of cell death. Some necrosis can be mediated by RIP1, 29, 30 which is termed programmed necrosis or necroptosis. 31, 32 Therefore, Kip1 mRNA/protein expression are reduced by SE. *Po0.05 versus non-SE animals (n ¼ 5, respectively). (d) LIMK2 siRNA does not affect p27
Kip1 protein levels following SE. *Po0.05 versus non-SE animals (n ¼ 5, respectively). (e-g) DOX significantly increases cofilin and p27 Kip1 mRNA/protein expression levels and LIMK2 T505 and cofilin phosphorylations (Po0.05 versus vehicle), whereas it reduces cyclin D1, CDK4 and LIMK2 mRNA/protein expression levels induced by SE. *Po0.05 versus vehicle (n ¼ 5, respectively). To confirm the role of LIMK2 in RIP1-mediated necroptosis, we investigated RIP1 expression following SE. SE did not affect RIP1 expression. LIMK2 siRNA, DOX, flavopiridol and Y-27632 did not affect RIP1 expression following SE (Figures  5a and b) . Necrostatin-1 (NEC-1, a RIP1 inhibitor) did not affect changes in LIMK2, Rb, pRb, active caspase-3 and RIP1 levels but inhibited E2F1 induction following SE (Po0.05 versus vehicle, Figures 5a and b) . NEC-1 did not attenuate SE-induced neuronal death (Po0.05 versus vehicle, Figures  5c and d) . These findings indicate that LIMK2-mediated neuronal death may not be RIP1-mediated necroptopsis. Together with translocation of HMGB1 to cytoplasm, swollen dendrites with disassembled microtubules and pyknotic nuclei, our findings indicate that LIMK2-mediated neuronal death may be RIP1-independent programmed necrosis.
LIMK2-mediated dynamic-related protein-1 (DRP1) inhibition induces neuronal death by dysfunction of mitochondrial fission. The remaining issue was the involvement of the effectors in LIMK2-mediated programmed necrotic neuronal death. Recently, hyperstabilization of actin filaments inhibits association of the fission protein DRP1 with mitochondria, leading to mitochondrial elongation and subsequent neurotoxicity. 33 In contrast to neurons, the induction of necroptosis in HT-29 and HeLa cells activates DRP1 by dephosphorylating the S637 site. 34 DRP1 is a soluble cytosolic protein that assembles into spiral filaments around mitochondrial tubules. DRP1 phosphorylation at S637 by protein kinase A inhibits fission by enhancing the dissociation of DRP1 from mitochondria. DRP1 phosphorylation at S616 activates mitochondrial fission by cyclin B-CDK1-RALA binding protein 1 (RALBP1) complex. 35 Thus, we investigated whether LIMK2-mediated neuronal death is relevant to dysfunction of mitochondrial fission.
In the present study, SE decreased DRP1 expression and DRP1 S616/S637 phosphorylation ratio, although it elevated RALBP1 expression (Po0.05 versus non-SE animals, To address the issue of whether a decline of mitochondrial fission promotes neuronal cell death in response to SE, we applied Mdivi-1 (a DRP1 inhibitor) and WY 14643 (an enhancer of mitochondrial fission events) before SE. 36, 37 As compared with vehicle, Mdivi-1 (5 and 50 mM) increased SE-induced mitochondrial elongation and neuronal death. The lowest dose of Mdivi-1 (0.5 mM) did not affect them (Figures 7c and d) . Mdivi-1 (50 mM) did not affect LIMK2 overexpression induced by SE (Figure 7a ). These findings indicate that Mdivi-1 may deteriorate LIMK2-mediated dysfunction of mitochondrial mission due to further reduction in DRP1 activity. In contrast to Mdivi-1, WY 14643 (150 mM) reduced mitochondrial length in non-SE animals as compared with vehicle (P40.05 versus vehicle; Figures 8a and b) . The lower doses (50 and 100 mM) of WY 14643 did not affect mitochondrial length in non-SE animals (data not shown). In addition, WY 14643 increased DRP1 S616 phosphorylation and DRP1 S616/S637 phosphorylation ratio without alterations in DRP1 expression and its S637 phosphorylation (Po0.05 versus vehicle; Figures 8c-e) . WY 14643 effectively prevented mitochondrial elongation and sphere formation induced by SE (Po0.05 versus vehicle; Figures 8a and b) . WY 14643 attenuated neuronal damage accompanied by reductions in DRP1 expression and S616 phosphorylation induced by SE (Po0.05 versus vehicle; Figures 8c-g ). WY 14643 also inhibited the translocation of HMGB1 to cytoplasm induced by SE (Supplementary Figures S3a-c) . These findings indicate that LIMK2-DRP1-mediated dysfunction of mitochondrial fragmentation may have an important role in the programmed necrotic cell death. 
Discussion
Here, we describe a previously unsuspected role of LIMK2 in dysfunction of DRP1-mediated mitochondrial dynamics inducing programmed necrotic neuronal death. LIMK2 is one of the modulators of actin polymerization by cofilin phosphorylation. LIMK2 also has a role in actin-unrelated events, such as repression of cyclin D1. 17 In the present study, SE increased LIMK2 expression in dying neurons as a negative feedback response to inhibit SE-induced cyclin D1 expression. Furthermore, LIMK2 siRNA attenuated necrotic neuronal damage induced by SE. These findings indicate that LIMK2 may be one of the essential molecules for cyclin D1/CDK4-mediated neuronal death.
Regulatory signaling pathway of cyclin D1/CDK4 complex in post-mitotic neurons remains unclear. Regardless of the underlying mechanism, neuroprotective effects of ROCK inhibitors from various neuronal injuries have been reported. 38, 39 In the present study, ROCK inhibitor downregulated cyclin D1, CDK4 and LIMK2 expression induced by SE via enhanced p27 Kip1 expression. Furthermore, elevated p27
Kip1 expression by DOX prevented SE-induced neuronal death. These findings demonstrate for the first time the underlying mechanism for ROCK-mediated neuronal death through abnormal cell cycle re-entry by p27
Kip1 suppression. On the other hand, the effect of cofilin phosphorylation on induction of p27 Kip1 expression is unknown, although increased cofilin expression induces p27
Kip1 gene promotor transactivation. 21, 22 In the present study, DOX increased cofilin phosphorylation/expression accompanied by increased p27 Kip1 expression. However, SN50 increased cofilin phosphorylation but did not alter cofilin and p27
Kip1 expression levels. These findings reveal that cofilin expression, not phosphorylation, may affect its efficiency for p27 Kip1 gene promoter transactivation. Therefore, our findings suggest that the restoration of p27 Kip1 expression by regulation of ROCK activity or cofilin expression may be a new therapeutic strategy for cyclin D1/CDK4-mediated neurodegeneration.
Prevention of complications like hypoxia, hypotension, hypoglycemia and hyperpyrexia in SE do not inhibit neuronal death. 40, 41 This SE-induced neuronal death is morphologically necrotic rather than apoptotic. [9] [10] [11] [12] However, degenerating neurons also show apoptotic events. 42 Thus, it is debatable whether necrosis or apoptosis is the main process of neuronal death induced by seizure activity. In the present study, SE increased LIMK2 and translocation of HMGB1 from nucleus to cytoplasm but did not affect the expression of Rb, pRb, active caspase-3 or RIP1. LIMK2 siRNA attenuated SEinduced necrotic degeneration characterized by translocation of HMGB1 to cytoplasm, swollen dendrites with disassembled microtubules and pyknotic nuclei. Taken together, our findings indicate that LIMK2 may participate in RIP1-independent programmed necrotic cell death but not in cyclin D1-Rb-E2F-caspase-dependent apoptosis.
The most interesting findings in the present study were that LIMK2 regulated mitochondrial swelling and mitochondrial fission by downregulation of DRP1 expression and DRP1 S616/S637 phosphorylation ratio independently of actin polymerization during programmed necrosis. Recently, hyperstabilization of F-actin by tau was reported as being critical for neurotoxicity due to inhibition of DRP1. 33 Therefore, it is presumable that LIMK2 overexpression would inhibit mitochondrial fission by increasing actin stabilization. In the present study, however, SE decreased F-actin content, DRP1 expression and DRP1 S616/S637 phosphorylation ratio, whereas it increased mitochondrial length and sphere formation. LIMK2 siRNA, flavopiridol, Y-27632 and DOX prevented these pathological changes induced by SE. Furthermore, WY 14643 significantly attenuated mitochondrial elongation and neuronal death induced by SE, whereas Mdivi-1 increased them. A loss of mitochondrial fission results in improper segregation of mitochondria and a decrease in ATP levels. 33 Elongated mitochondria induced by inhibiting DRP1 are not properly localized to either dendrites or axons and suppresses ATP supply in peripheral sites. 41, 42 DRP1 deletion also results in impairment of respiratory function in mitochondria due to oxidative stress that can lead to further increases in the production of reactive oxygen species. 43, 44 In cultured postnatal mouse cortical neurons, DRP1 overexpression enhances neuronal viability and restores a normal pattern of mitochondrial morphology following DNA damage. 45 Furthermore, DRP1 is required for a normal rate of cytochrome c release and caspase activation during apoptosis. 46 Therefore, our findings indicate that LIMK2 overexpression may lead to neuronal death by dysfunction of DRP1-mediated mitochondrial fission and that downregulation of DRP1 expression may accelerate necrosis rather than apoptosis.
In the present study, we cannot directly address the mechanism by which LIMK2 suppresses DRP1 expression level. However, it is presumable that LIMK2 would regulate DRP1 expression via cell-cycle related events, which is unknown at present. Horn et al. 47 reported that DRP1 level drops when cells enter G1 phase, and in turn, DRP1 level gradually increases following release from G1/S arrest. As cyclin D1 is required for G1/S transition and LIMK2 suppresses cyclin D1 expression, 17 overexpression of cyclin D1 followed by LIMK2 could lead neurons to G1/S arrest-like condition that sustains decrease in DRP1 level. Further studies are needed to elucidate the exact mechanism of LIMK2-mediated DRP1 supression.
RALBP1 is a key player to phosphorylate DRP1 S616, which is an effector of mitochondrial fragmentation. 33 In the present study, SE increased RALBP1 expression, although it reduced mitochondrial fission. Furthermore, LIMK2 siRNA, flavopiridol, Y-27632 and DOX effectively prevented necrotic neuronal death and upregulation of RALBP1 expression induced by SE. These findings indicate that RALBP1 may not be relevant to DRP1-related neuronal death. RALBP1 is a stress-responsive, multi-functional protein with multi-specific transport activity. 48 RALBP1 accounts for up to 80% of the transport of glutathione-conjugates. 48 Furthermore, blockade of RALBP1 function cells results in the accumulation of 4-hydroxynonenal (a product of lipid peroxidation) and its GSHconjugate that occur a massive apoptosis. 14, 49 Therefore, upregulated RALBP1 may be one of the common compensatory phenomena in responses to oxidative stress rather than mitochondrial fission.
In summary, we provide novel evidence that ROCKp27
Kip1 -Cyclin D1-CDK4-LIMK2-DRP1-mediated signal is associated with neuronal necrosis, not apoptosis, by microchondrial dysfunction (Supplementary Figure S4) . To the best of our knowledge, the present study proposes for the first time the role of RIP-independent programmed necrosis in neuronal degeneration. Beyond new insights in neuronal death, this regulatory pathway will be an interesting and important therapeutic target for various diseases relating to programmed necrosis or aberrant cell cycle.
Materials and Methods
Experimental animals and chemicals. This study utilized male Sprague-Dawley rats (7 weeks old) obtained from Experimental Animal Center, Hallym University, Chunchon, Republic of Korea. The animals were provided with a commercial diet and water ad libitum under controlled temperature, humidity and lighting conditions (22 ± 2 1C, 55 ± 5% and a 12 : 12 light/dark cycle). Animal protocols were approved by the Institutional Animal Care and Use Committee of Hallym University (Chunchon, Republic of Korea). The number of animals used and their suffering was minimized in all cases. All reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA), except as noted.
Surgery, drug infusion and LIMK2 knockdown. Animals were divided into six groups for intracerebroventricular drug infusion: (1) vehicle, (2) Flavo (50 mM) (3) Y-27632 (10 mM), (4) NEC-1 (900 mM), (5) Mdivi-1(0.5, 5 and 50 mM), or (6) WY 14643 (50, 100 and 150 mM), and one group for intraperitoneal injection of DOX (50 mg/kg). Animals were anesthetized (Zolretil, 50 mg/kg, I.M. Virbac Laboratories, Carros, France) and placed in a stereotaxic frame. For the osmotic pump implantation, holes were drilled through the skull for introducing a brain infusion kit 1 (Alzet, Cupertino, CA, USA) into the right lateral ventricle (1 mm posterior; 1.5 mm lateral; À 3.5 mm depth), according to the atlas. 50 The infusion kit was sealed with dental cement and connected to an osmotic pump (1007D, Alzet). The pump was placed in a subcutaneous pocket in the dorsal region. Animals received 0.5 ml/h of vehicle or compound over 1 week. 51 For knockdown of LIMK2, we applied a set of four on-target LIMK2 rat siRNAs and a nontargeting control were used. Of the four, a 21-nt siRNA sequence targeting LIMK2 corresponding to coding region (5 0 -3 0 ): sense: GCACCUUACGCAAGAGU-GAUU, and antisense: UCACUCUUGCGUAAGGUGCUU was selected as the best probe (reduction efficiency, 79.41% in control condition) and used for the final experiments. A nonsilencing RNA was used as the control siRNA. siRNA was infused over 2 weeks using 1002 osmotic mini-pumps (0.35 mg/day siRNA in saline, ALZET Osmotic Pumps, Cupertino, CA, USA). The dosage of the drugs and siRNA were chosen based on preliminary studies indicating that administration of up to the chosen dose was well tolerated, and no signs of neurotoxicity (hind-limb paralysis, vocalization, food intake or neuroanatomical damage) were observed. The dosage of each compound and siRNA was determined as the highest dose that did not affect seizure threshold in the preliminary study. The compounds or siRNA began to be immediately infused after surgery. Rats were allowed 3 days to recover from the surgical procedure before SE induction. SE induction. Three days after surgery, rats were treated with pilocarpine (380 mg/kg, i.p.) 20 min after methylscopolamine (5 mg/kg, i.p.). Diazepam (10 mg/kg, i.p.) was administered 2 h after the onset of SE and repeated as needed.
Tissue processing. At designated time points, the animals were perfused transcardially with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) under urethane anesthesia (1.5 g/kg, i.p.). The brains were removed and postfixed in the same fixative for 4 h. The brains were infiltrated with 30% sucrose overnight, frozen and sectioned with a cryostat at 30 mm, and consecutive sections were stored in six-well plates containing PBS. Every sixth section in the series throughout the entire hippocampus was used for stereological study. 52 Immunohistochemistry. Table 1 provides a list of the primary antibodies used. Sections were incubated in a mixture of antisera in PBS containing 0.3% Triton X-100 overnight at room temperature. After washing three times for 10 min with PBS, the sections were also incubated in a mixture of FITCand Cy3-conjugated secondary antisera (or streptavidin, 1 : 250, Amersham, Piscataway, NJ, USA) for 2 h at room temperature. Some sections were used for conventional immunohistochemical study. The sections were washed three times for 10 min with PBS and mounted on gelatin-coated slides. All images were captured using an Axio Imager M2 microscope and AxioVision Rel. 4.8 software (Carl Zeiss Korea, Seoul, Republic of Korea). For quantitative analysis of fluorescent intensity, sections (15 sections per one animal) were viewed through a microscope connected via CCD camera (Carl Zeiss Korea) to a PC monitor (SAMSUNG, Seoul, Republic of Korea). Each image was normalized by adjusting the black and white range of the image using Adobe PhotoShop v. 8.0 (San Jose, CA, USA). Thereafter, intensity measurements were represented as the number of a 256-gray scale using the NIH Image 1.59 software (http://rsb.info.nih.gov/ nih-image/download.html). Optical density values were corrected by subtracting the average values of background noise obtained from five image inputs. The optical density was then standardized by setting the threshold levels.
TUNEL staining. TUNEL staining was performed with the TUNEL apoptosis detection kit (Upstate, Lake Placid, NY, USA) according to the manufacturer's protocol (http://www.upstate.com). Following the TUNEL reaction, LIMK2 or cyclin D1 immunofluorescence staining was performed. For nuclei counterstaining, we used Vectashield mounting medium with DAPI (Vector, Burlingame, CA, USA). All images were captured using an Axiocam HRc camera and Axio Vision 3.1 software (Carl Zeiss Korea).
FJB staining. FJB staining was used to identify degenerating neurons. Briefly, sections were rinsed in distilled water and mounted onto gelatin-coated slides and then dried on a slide warmer. The slides were immersed in 100% ethanol for 3 min, followed by 70% ethanol for 2 min and distilled water for 2 min. The slides were then transferred to 0.06% potassium permanganate for 15 min and gently agitated. After rinsing in distilled water for 2 min, the slides were incubated for 30 min in 0.001% FJB (Histo-Chem Inc. Jefferson, AR, USA), freshly prepared by adding 20 ml of a 0.01% stock FJB solution to 180 ml of 0.1% acetic acid, with gentle shaking in the dark. After rinsing for 1 min in each of three changes of distilled water, the slides were dried, dehydrated in xylene and coverslipped with DPX. For stereological study, every sixth section in the series throughout the entire hippocampus was used (see below).
Stereology. The hippocampal volumes (V) were estimated according to the formula based on the modified Cavalieri method: V ¼ Sa Â t nom Â 1/ssf, where a is area of the region of the delineated subfield measured by AxioVision Rel. 4.8 software, t nom is the nominal section thickness (of 30 mm in this study) and ssf is the fraction of the sections sampled or section sampling fraction (of 1/6 in this study). The volumes are reported as mm 3 . The subfield areas were delineated with a 2.5 Â objective lens. 52 The optical fractionator was used to estimate the cell numbers. The optical fractionator (combination of performing counting with the optical disector, with fractionator sampling) is a stereological method based on a properly designed systematic random sampling method that by definition yields unbiased estimates of population number. The sampling procedure is accomplished by focusing through the depth of the tissue (the optical disector height, h; of 15 mm in all cases for this study). The number of each cell type (C) in each of the subregions is estimated as:
where Q À is the number of cells actually counted in the disectors that fell within the sectional profiles of the subregion seen on the sampled sections, and asf is the areal sampling fraction calculated by the area of the counting frame of the dissector, a(frame) (of 50 Â 50 mm 2 in this study) and the area associated with each x, y movement, grid (x, y step) (of 250 Â 250 mm 2 in this study) (asf ¼ (a(frame)/a(x,y step))). Cells were counted with a Â 40objective lens. Individual mitochondrion length in CA1 pyramidal cells (n ¼ 20/section) was also measured with a Â 100objective lens by AxioVision Rel. 4.8 software. Cell counts and measurement of mitochondrion length were performed by two different investigators who were blind to the classification of tissues.
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Western blotting. Tissue lysate proteins were loaded into a 10% polyacrylamide gel. After electrophoresis, gels were transferred to nitrocellulose transfer membranes (Schleicher and Schuell BioScience Inc., Keene, NH, USA).
To reduce background staining, the filters were incubated with 5% nonfat dry milk in TBS containing 0.1% Tween 20 for 45 min, followed by incubation first with the primary antibody ( 
